Objective: Prenatal alcohol exposure (PAE) can cause Fetal Alcohol Spectrum Disorders (FASD) and associated neurodevelopmental impairments. It is uncertain which types of fine motor skills are most likely to be affected following PAE, or which assessment tools are most appropriate to use in FASD diagnostic assessments. This systematic review examined which types of fine motor skills are impaired in children with PAE or FASD; which fine motor assessments are appropriate for FASD diagnosis; and whether fine motor impairments are evident at both 'low' and 'high' PAE levels.
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Fine Motor Skills in Children with Prenatal Alcohol Exposure or Fetal Alcohol Spectrum Disorder (FASD)
Prenatal alcohol exposure (PAE) can result in a range of lifelong neurological impairments in offspring termed Fetal Alcohol Spectrum Disorders (FASD). [1] [2] [3] Diagnoses on the spectrum include Fetal Alcohol Syndrome (FAS), which includes characteristic dysmorphic facial features and growth impairments; partial FAS, with some facial and growth impairments; and alcohol related neurodevelopmental disorder (ARND), in which individuals do not have facial or growth changes. All diagnoses have significant neurological impairments, which can include impaired cognition, executive function, memory, language, attention, social and adaptive skills, and motor skills.
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PAE and motor skills
PAE can affect both fine and gross motor skills. 1 Early reports noted that infants with FAS had motor impairments 4 , and subsequently orthopaedic and structural defects were also recorded, including clinodactyly (fixed laterally curved fifth finger), camptodactyly (fixed finger flexion), impaired upper limb pronation/supination, tapering of the distal phalanges, and resting and kinetic hand tremors. [5] [6] [7] In animal studies, PAE has been associated with impaired myelination of spinal and peripheral nerves, 8, 9 and impaired motor coordination, response, speed, activity, reflexes, and tone. 10, 11 Neuroimaging studies of individuals with PAE or FASD have identified damage to specific brain regions. Damaged regions which may affect motor skills include the cerebellum, 12 basal ganglia, 13 corpus callosum, 14 and hippocampus. 12 PAE can also damage neural circuits, including projections which extend into motor and premotor cortices. 15 There are limited studies of the motor cortex in relation to PAE. However, one study of 2 adolescents with PAE concluded that observed motor impairments likely were due to damage to the motor cortex. 16 
Fine motor skills in FASD diagnosis
Fine motor (FM) skills require the use of small hand muscles and include speed, accuracy, control, coordination, dexterity, visual-motor skills, and eye-hand coordination. 17 FM skills are important in children because they facilitate increasing independence in self-care tasks such as dressing, eating, brushing hair, and cleaning teeth; academic skills including handwriting, drawing, and using scissors; and participation in play and social activities. 18 Parents and teachers of primary school aged children with FASD often report they have difficulty with many of these functional tasks. 19 FASD diagnostic guidelines universally advise that motor skills should be assessed in children with PAE, but variation exists regarding whether FM skills are differentiated from gross motor (GM) skills, and which assessment tools are recommended. The Canadian Guidelines recommend specific tools, such as the Movement Assessment Battery for Children (M-ABC), the Bruininks-Oseretsky Test of Motor Proficiency, and the Beery-Buktenica Developmental Test of Visual-Motor Integration. 2 The UW 4-Digit Diagnostic Code guidelines do not recommend specific assessment tools, but advise that they should be standardised and validated. 20 The IOM and CDC guidelines offer no advice about which assessment tools to use. 1, 3 It has been suggested that generalised neurodevelopmental assessments may not detect subtle and specific impairments resulting from PAE. 21, 22 Many neurodevelopmental assessment tools used to assess children with PAE are problematic in terms of FM assessment: some, such as the WISC-IV, 23 do not include a motor skills component; others, such as the McCarthy Scales of
Children's Abilities, 24 provide an overall motor score which is a composite of FM and GM skills, 3 which may mask specific areas of FM or GM impairment; 25 while others, such as the Griffiths Mental Development Scales, 26 assess only limited types of FM skills.
FM skills in children with PAE or FASD
Three systematic reviews have examined the relationship between PAE and motor skills.
The first review concluded that only high levels of PAE (10-30 drinks/week) were associated with impaired motor function, although findings were not consistent between studies. 27 However, this study did not explore whether different types of motor skills were more likely to be impaired, or if FM skills were affected independently of GM skills. A second systematic review and meta-analysis found that GM skills were 2.9 times more likely to be impaired in children aged 0-18 years with 'moderate' to 'high' PAE compared to children without PAE, but this review did not include FM skills or 'low' PAE (< 4 drinks/week). 28 A third study of neurological impairments included 13 studies of 'visual and motor' skills and concluded that impairments were not associated with 'mild', 'moderate', or 'binge' PAE, but none of the included assessed children older than 5 years.
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Aims and hypotheses
Whilst FASD diagnostic guidelines recommend assessing motor skills in children with PAE, it is unclear which types of FM skills are most likely to be impaired or which assessment tools are best to use. It is also uncertain whether impaired FM skills account for the functional difficulties reported by caregivers and teachers of children with FASD. This knowledge is essential to ensure accurate and timely FASD diagnosis, contribute to the development of a FASD neurological profile, employ objective measurement of FM skills over time, and develop therapeutic programs which promote independence by enhancing FM strengths and supporting areas of difficulty. 
METHODS
Literature Search
A search strategy was used to systematically search peer-reviewed journals in the Web of Knowledge, Ovid (Medline, PsychInfo, Maternity and Infant Care, Embase, and Amed), EBSCOhost (CINAHL), ProQuest, SciVerse, The Cochrane Library, Emerald, Informit, OT Seeker, and PEDRO databases. The following key words were combined to identify relevant articles: alcohol*, fetal, maternal, prenatal*, in-utero, and fine motor. No articles were identified which specifically reported FM skills in relation to PAE, so search terms were broadened to include motor, neuro*, development*, sensor*,and visu*. Experts in the field were contacted to identify unpublished studies and reference lists of relevant articles were manually searched.
Inclusion Criteria and Selection Process
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Full texts were obtained for articles which met the study inclusion criteria ( 
Data Extraction and Quality Assessment
There were 24 studies which met all the inclusion criteria. These were summarized by two authors (RD, TJ) using a data extraction form (Table 2 : Fine motor assessments and outcomes in children with PAE or FASD; and Supplementary Digital Content Table A : Studies of fine motor skills in children with PAE or FASD). A 10-point critical appraisal tool (CAT) was developed based on STROBE and Health Evidence guidelines to assess the methodological quality and relevance (Table 3 : Study quality and relevance). The studies were independently rated by two authors (RD, TJ) and consensus agreement reached. Studies were classified as having either 'low' (0-4), 'moderate' (5-7), or 'strong' (8-10) methodological quality. Studies which quantified PAE levels as ounces of absolute alcohol/ day or week were converted to drinks/ day or drinks/ week (1oz absolute/ alcohol = 28.35g; 14g approximates 1 standard drink).
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A meta-analysis was not conducted due to the heterogeneity of FM skills and assessment tools, and the variability of PAE levels and FASD diagnoses between studies.
RESULTS
Literature Search
We identified 6,259 studies after removal of duplicates ( 
Study Characteristics
Characteristics of the 24 included studies, including PAE levels and FASD daingsoes when provided, are outlined in Supplementary Digital Content Table A Sample sizes ranged from 10 to 685, and included eight small (n < 50), seven medium (n = 50-100), and nine large (n > 100) studies.
Risk of Bias and Quality Assessment
Studies were rated using the CAT (Table 3 : Study quality and relevance). Most of the studies had moderate (58.3%) or strong (16.7%) methodological quality. Half of the studies (50%) blinded assessors to PAE levels or FASD diagnoses as a strategy to reduce bias. All studies discussed potential confounding factors, but variation existed regarding which confounding factors were considered relevant, and whether these were controlled for statistically.
The majority of studies used at least one assessment tool which specifically assessed motor 7 skills, as opposed to generalized neurodevelopmental assessments with a FM component (75.0%), but less than half of the studies assessed more than one type of FM skill (41.7%).
FASD and PAE
Most studies included children with FASD diagnoses (70.8%), but seven of these included only children with the more severe diagnoses of pFAS or FAS (29.2%). Only three studies reported FM outcomes for children with 'no/low' PAE <0.14 oz/ day (<2 drinks/ week); 30 'low' PAE (1-4 drinks/ week); 31 or 'light/ moderate' PAE (0-1 oz/ day (0-14 drinks/ week). 32 A further three studies included children with 'low' PAE but did not stratify FM outcomes by PAE levels. [33] [34] [35] 
Fine Motor Assessments and Outcomes
The most common types of FM skills assessed were visual-motor skills and manual dexterity. Researchers used a range of different FM assessment tools ( One study identified VMI impairments in children with 'moderate to high' PAE (>10 drinks/ week) in the first trimester; first and second trimesters; and all three trimesters. 36 In contrast, another study with 5-16 year old children with FAS had impaired VMI skills, but these findings did not extend to children with 'heavy' PAE (unquantified levels) but no FASD diagnosis. 47 However, a subsequent larger, multi-site study by the same researchers did identify significant VMI impairment in children with 'heavy' PAE (>13 drinks/ week; or >4 drinks/ occasion) but no FASD diagnosis. 37 Only one study did not report VMI impairments when these skills were assessed using the Beery VMI. 32 This study included 6 year old children with 'none'; 'light to moderate' (0-2 drinks/ day); 'heavy' (2-7 drinks/ day); or 'very heavy' (>7 drinks/day) PAE early in pregnancy. In contrast to other studies, PAE in this study included any alcohol consumption in the year leading up to pregnancy, as the authors considered that this was the most accurate proxy for PAE early in the first trimester.
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ii) Pediatric Environmental Neurobehavioral Test Battery (PENTB): Visual-motor
integration test (n = 1). The PENTB includes a VMI component, which consists of copying line drawings. 48 Only one study assessed VMI skills using the PENTB. 34 When VMI skills were 9 analysed using the newly developed 'at-risk alcohol exposure' measure, impairments remained significant after adjustment for potential confounding factors.
(iii) Griffiths Mental Development Scales (GMDS): Eye and hand coordination subscale
(n = 3). Three studies used the eye and hand coordination subscale of the GMDS, which assesses eye-hand coordination by having the child copy geometric figures, as well as functional tasks such as threading beads. 26 Two studies found significant eye and hand coordination impairments, including in children with FAS, 21 and children of alcohol-dependent mothers. 49 A third study of children aged 3-7 years, at least half of whom had 'high' PAE (>15 drinks/ week), identified significant eye-hand coordination impairments.
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(iv) A Developmental Neuropsychological Assessment (NEPSY): Visuomotor precision subtest (n = 3). The NEPSY visuomotor precision subtest assesses FM speed and accuracy through a timed pencil and paper maze. 50 One study found no significant visuomotor precision impairments in 5-9 year old children with 'moderate to high' PAE (>10 drinks/ week) in either the first; first and second; or all trimesters. 36 In contrast, a second study found significant visuomotor precision impairments in 6-12 year old children with FASD. PAE levels were unspecified in this study. 42 A third study used the NEPSY's sensorimotor domain, which includes visuomotor precision, finger tapping, imitating hand positions, and manual motor series subtests, to assess 5-8.5 year old children with FASD, of whom 60% had 'high' PAE. 51 This study did not report visuomotor precision findings independently of the other subtests, but found that the overall sensorimotor domain scores were significantly impaired.
2. FM dexterity (speed and coordination) (n = 13). FM dexterity was reported in 13 studies using four different assessment tools. 53 and children with 'heavy' PAE (>14 drinks/ occasion, or >14 drinks/ week). 38 One study reported non-significant results amongst children with 'none/light' PAE (<0.14 oz of absolute alcohol per day, or <2 drinks/ week) compared to children with 'moderate/heavy' PAE (>0.14 oz of absolute alcohol per day, or >2 drinks/ week). 30 Another study reported nonsignificant results in left or right hands in children with FAS born to mothers with alcohol dependency, although conservative p values were used which may have been considered significant in other studies. 54 At 4 years, children with PAE (7-21 drinks/ week) early in pregnancy, and children who were exposed to an average of more than 1 drink per day throughout pregnancy, took longer to complete the pegboard but did not make more errors than children without PAE. 33 A different study examined whether different ways of quantifying PAE affected the findings. 34 This study found that a dichotomous measure of 'at-risk alcohol exposure' was associated with fewer pegs being placed accurately, but these findings were not significant when other measures of PAE were used. A further study reported some significant results when comparing different FASD diagnoses, but findings were not consistent between dominant and non-dominant hands. 47 In contrast, a larger, multi-site study by the same authors 11 found participants with FAS and 'heavy' PAE (>13 drinks/ week; or >4 drinks/ occasion) had impairments in both their dominant and non-dominant hands.
(i) Pegboard tests (n = 9
(ii) Movement Assessment Battery for Children (M-ABC): Manual dexterity subarea
(n = 2). The M-ABC manual dexterity component includes items such as posting coins, threading beads, and completing a paper and pencil drawing trail. 55 The M-ABC was used in two studies to assess manual dexterity skills and reported contrasting results. The first study found no significant manual dexterity impairments in 5 year olds stratified by different PAE levels. 31 This study mostly included 'low to moderate' PAE (≤8 drinks/ week), with only 1.6% (n = 11) of the sample being exposed to more than 9 drinks per week, and no children being exposed to more than 14 drinks per week. The second study found manual dexterity skills were significantly impaired amongst 7-10 year olds with various FASD diagnoses, as well as children with ADHD. 41 This study did not report levels of PAE amongst the children with FASD.
(iii) Detroit Tests of Learning Aptitude (DTLA): The timed motor and precision test
(n = 1). One study 39 used the DTLA Timed Motor and Precision Test which assesses FM speed and precision by rapidly drawing crosses in circles of decreasing size. 56 This study found significant differences in FM speed and precision skills amongst children aged 5-18 years with FAS, but not children with FAE. PAE levels were not defined in this study.
(iv) Wisconsin FM Steadiness Battery (WFMSB) (n = 1). One study used the FM tests from the WFMSB 57 to assess 4 year old children with no PAE; children with PAE only in early pregnancy; and children with PAE throughout pregnancy. 33 This study reported that the children with 'moderate to heavy' PAE (7-21 drinks/ week) early in pregnancy made significantly more errors and were slower to self-correct their errors compared to children with no PAE. These impairments were significant for children with PAE early in pregnancy as well as children with PAE (average ≥1 drink/ day) throughout pregnancy. These difficulties remained significant after adjustment for IQ and other confounding factors.
3. Foundational FM skills: grip strength, finger tapping, and praxis.
(i) Grip strength (n = 2). Two studies reported grip strength findings with mixed results.
The first study identified no significant differences in grip strength amongst 4 year olds with PAE early or throughout pregnancy. 33 PAE levels in this study ranged from 0.5 to 1.5 oz of absolute alcohol/ week (7-21 drinks/ week).The second study identified that 5-18 year olds with FAS or FAE had significant impairments when using both their dominant and non-dominant hands. 39 PAE levels were not defined for the children in this study.
(ii) Finger tapping (n = 3). Finger tapping was assessed in three studies with mixed results. Two studies used a mechanical finger tapper to record how many times the child could tap their finger while holding the other fingers stationary, and a third study measured finger tapping as part of the NEPSY sensorimotor domain. One study reported a significant finger tapping impairment in 5-18 year old Native Americans with FAS or FAE in both their dominant and non-dominant hands. 39 In contrast, the second study found 4 year old children with 'moderate to heavy' PAE in early pregnancy, but not mid-pregnancy, had impaired finger tapping skills. 33 A third study assessed finger tapping skills in 5-8.5 year old children with FASD, of whom 60% had 'high' PAE (unquantified levels), but finger tapping results were not reported independently of other tasks in the sensorimotor domain.
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(iii) Praxis (n = 2). One study assessed kinesthetic and dynamic praxis using the 'Imitating Hand Positions' and 'Manual Motor Series' subtests from the Sensorimotor Domain of the NEPSY. 50 These tests require imitation of static hand positions and rhythmic hand movements. This study found that dynamic praxis, but not kinesthetic praxis, was affected in 5-9
13 year old Finnish children with 'moderate to high' PAE (≥10 drinks per week). 36 Dynamic praxis was impaired in children who had been exposed to 'moderate to high' PAE in the first; first and second; and all three trimesters of pregnancy.
(iv) Combined foundational FM skills (n = 2). Two studies reported combined outcomes of different types of foundational hand skills. The first study reported outcomes from the NEPSY sensorimotor domain, which includes dynamic and kinesthetic praxis, finger tapping, and visuomotor precision. 51 These authors found that children with FASD (60% with 'high' levels of PAE) had impaired sensorimotor skills. A second study assessed FM skills in 6-16 year old children with FASD, who had also experienced significant trauma and trauma, using the
Pediatric Early Elementary Examination (PEEX-2) or the Pediatric Examination of Educational
Readiness at Middle Childhood (PEERAMID-2). 40 Tasks included lateral preference, imitative finger movements, finger tapping, and sequential finger opposition. These authors did not find identify significant differences between children with or without FASD. PAE levels were not defined in this study.
4. Functional FM skills. Two studies included assessment of functional FM skills as part of a generalized neurodevelopmental assessment and neither found significant impairments. The first study assessed graphomotor skills using the PEEX-2 or the PEERAMID-2 with 6-16 year old children who had experienced trauma, and compared outcomes between children with and without FASD. Tasks included pencil control, pencil speed, and writing the alphabet. 40 A second study used the 'Draw a Line Slowly' test from The Cincinnati Autonomy Test Battery to assess motor inhibition skills. No impairments were identified in 6 year old children with 'none'; 'light to moderate' (0-2 drinks/ day); 'heavy' (2-7 drinks/ day); or 'very heavy' (>7 drinks/day) levels of PAE early in pregnancy.
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DISCUSSION
This review identified 24 studies which assessed FM skills in primary-school aged children with PAE or FASD. A range of FM skills, including visual-motor skills (VMI, visuomotor precision, and eye-hand coordination), manual dexterity (speed, coordination, and precision), foundational FM skills (grip strength, finger tapping, and praxis), and graphomotor (handwriting, drawing, and motor inhibition) skills were assessed using a variety of FM-specific and generalized neurodevelopmental assessments.
Complex FM skills, such as VMI, were consistently impaired in children with 'moderate to high' PAE, and with pFAS or FAS diagnoses. These findings support the rationale that complex skills, which are controlled by several neural regions and involve multiple neural pathways, are more likely to be impaired following PAE. 58 VMI skills were impaired in most studies which used the Beery VMI, but findings were less consistent when visual-motor skills were assessed using generalized neurodevelopmental assessments such as the PENTB or GMDS.
It may be that generalized neurodevelopmental assessments do not assess visual-motor skills in sufficient detail, or alternatively that the constructional visual-motor skills are less sensitive to PAE than graphomotor visual-motor skills. VMI deficits were evident in both young children and adolescents, and also across different trimesters of PAE exposure, making this an important FM skill to assess in children with PAE for both diagnostic and therapeutic purposes.
Pegboard tests were used to assess manual dexterity, precision, speed and coordination, which are also relatively complex FM skills. However, studies which used pegboard tests as a FM outcome measure did not consistently identify impairments, despite most studies only including children with 'moderate to 'high' PAE, who would be most likely to show impairments. It is possible that the pegboard tasks may be too simple to adequately detect subtle and complex FM impairments resulting from PAE.
Few studies investigated foundational FM skills, such as grip strength, finger tapping, praxis, and kinaesthesia, and each used different assessment tools, so outcomes were difficult to compare between studies. Only two studies reported grip strength and finger tapping skills, which are relatively basic FM skills, and reported varying results. 33, 39 The contrasting outcomes may be due to age differences of the children in each study, which is consistent with the theory that PAE-related impairments become more pronounced with maturity. 59 While it is important to assess foundational FM skills in individual children with PAE as they may be affected and therefore warrant therapeutic intervention and support, evidence suggests that they do not provide a reliable marker for FASD presentation and diagnosis.
Only two studies reported functional outcomes of FM skills, and both used assessments of handwriting or drawing as a small part of a generalized neurodevelopmental assessment. 32, 40 One study included children with exposure to trauma, and compared outcomes between those with and without FASD with undefined levels of PAE. 40 The second study included children with various levels of PAE, which included alcohol consumption in the year prior to pregnancy as a proxy measure for PAE early in pregnancy. 32 The demographic and methodological differences between these two studies make it difficult to compare outcomes, but neither study identified impaired graphomotor (handwriting or drawing) skills.
Only three studies stratified FM outcomes specific to 'low' PAE, and these studies did not identify FM impairments. 'Low' PAE was variously defined as <2 drinks/ week; 30 [1] [2] [3] [4] drinks/ week; 31 and 0-14 drinks/ week in the year leading up to pregnancy (as a proxy measure for early first trimester PAE). 32 Each of these studies reported different types of FM skills (VMI; motor inhibition; and manual dexterity), and each used different assessment tools, so outcomes were difficult to compare. The effect of 'low' PAE on specific type of FM skills remains uncertain.
Studies of functional FM skills which did not meet inclusion criteria
Several other studies of functional FM skills were identified that did not meet inclusion criteria for this review. However, impaired functional FM skills are frequently reported by parents and teachers of children with FASD, and these studies warrant mentioning. Caregivers of 5-8 year old children reported difficulties with adaptive function, many of which require FM skills, including name writing, fastening clothing, and brushing teeth. 51 One study assessed handwriting abilities in 20 primary school-aged children with FASD and found that they scored well-below average in handwriting legibility, speed, and visuomotor precision. This was an exploratory descriptive study and no control group was used for comparison.
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Limitations
This review had several limitations. Studies had significant methodological differences regarding PAE levels and FASD diagnoses, which hindered the comparability of FM outcomes.
Studies were included only if they used standardized assessments commonly available to clinicians. Consequently, novel assessments of FM skills, such as computer and robotic-based studies, were excluded, as were observational assessments, such as finger-nose touching, tremors, and finger localization. Some studies assessed clock and person drawing, and although these tasks require FM skills, they were excluded because outcomes were reported as visualperceptual and visual-spatial skills. 49, 61 More than half of the studies included children older or younger than the target age range of 4-12 years. This reduced certainty that the conclusions are specific to primary school aged children, although FM impairments were still evident in studies that included younger children and adolescents. As with all systematic reviews, there is a risk of positive publication bias. This risk was minimized by including studies which reported a range of neurodevelopmental outcomes, not just studies which reported FM skills, and by contacting experts in the field to identify unpublished studies.
Future Directions
FASD diagnostic guidelines should be updated to advise clinicians that a range of FM skills, particularly those which are more complex, may affected by PAE, and that these should be assessed separately to other motor skills using FM-specific assessment tools. Future studies should clarify what degree of FM impairment should contribute towards a FASD diagnosis.
Establishing whether there is a relationship between specific FM skills and functional performance at school and home in children with PAE would be beneficial to those involved in FASD diagnosis, as well as clinicians, caregivers, and teachers of children with PAE.
Conclusion
This review identified that FM skills are impaired in children with 'moderate to high' PAE, and children with a pFAS or FAS diagnosis. It remains uncertain if 'low' PAE affects FM skills, because few studies reported FM skills in children with PAE, and those that did assessed different types of FM skills and each used different assessment tools. Consistent with our hypothesis, complex FM skills, such as VMI, were more likely to be impaired following PAE than basic FM skills such as grip strength. Further, specific FM assessment tools, such as the Beery VMI, were more likely to detect impairments than generalized neurodevelopmental assessments. However, pegboard tests, although they are a specific FM assessment tool, and manual dexterity is a relatively complex FM skill, did not consistently detect manual dexterity impairments. It is uncertain whether pegboard tests are too basic to detect manual dexterity 18 impairments resulting from PAE, or if this type of skill is not affected by PAE. In all likelihood, it is probably a combination of both of these factors. Comprehensive assessment of FM skills in children with PAE or FASD is essential to contribute towards an accurate FASD diagnosis, and inform therapeutic interventions which support specific areas of FM difficulties and enhance individual strengths.
